was found the most consistent one.
INTRODUCTION
Pistachio butter, a semi-solid paste, is made from ground and roasted pistachio kernels with adding some proper flavorants and sweeteners. Because of the presence of high amount of unsaturated oil in such a product, it is also necessary to use proper amount of emulsifying and anti-oxidation agents in its formulation. [1] Pistachio butter is of high nutritive value; for it is rich in lipids, proteins, carbohydrates, and vitamins and can be used in different food products such as cookies, ice creams, and cakes. [1] There is a number of published works on the rheological properties of semi-solid pastes such as tomato paste, [2] mustard paste, [3] peanut butter, [4] and sesame butter. [5] Abu-Jdayil et al. [6] investigated rheological characteristics of milled sesame (tehineh) and it was found that tehineh behaved as a non-Newtonian pseudo-plastic foodstuff. Also, the power law model was found to be the most appropriate to fit the flow curves of tehineh. However, the rheological properties of pistachio butter, to the best of our knowledge, were not examined. A study regarding the chemical composition and sensory characteristics of pistachio butter was carried out by Shaker et al. [1] They found that to achieve the most emulsion stability, the best type of emulsifying agent is a combination of mono-diglyceride and lecithin.
Generally, an understanding of rheological properties of food materials has a direct effect on the optimization of processing stages such as production, handling, storage, and final quality. [7] The objectives of this work were: (i) to investigate the rheological properties of pistachio butter; (ii) to determine the best time-independent model to fit the flow curves of pistachio butter; (iii) to analyze the effect of different levels of emulsifying agents (monodiglyceride and lecithin at five levels) on the rheological characteristics of pistachio butter; and (iv) to study the temperature dependency of pistachio butter in the range of 25-65°C.
MATERIALS AND METHODS

Sample Preparation
All samples studied in this research, were supplied from Pistachio Research Institute of Iran. The approximate composition (w/w%) of provided pistachio butter samples was as follows: Grounded and roasted pistachio kernels 84%, sweeteners such as sugar 10%, moisture content 3%, salt 1-2%, and emulsifying agents 0-2%. There were five types of samples, which were different in emulsifier's level. To facilitate the measurements, we named them as follows:
• Type 1: without any emulsifier. • Type 2: contains 0.5% of lecithin and mono-diglyceride. • Type 3: contains 1% of lecithin and mono-diglyceride. • Type 4: contains 1.5% of lecithin and mono-diglyceride. • Type 5: contains 2% of lecithin and mono-diglyceride.
It has to be mentioned that according to previous study, which was done on chemical and sensory evaluation of pistachio butter, it was found that pistachio butter type 3 has the most emulsion stability and the most homogenous texture. [1] 
Rheological Measurements
Rheological properties of pistachio butter were measured with a Bohlin Visco 88 viscometer (Bohlin instrument, UK) equipped with a bob and cup geometry (bob length: 60 mm; bob diameter: 14 mm; gap width: 1 mm) and a heating circulator (Julabo, Model F12-MC, Julabo Labortechnik, Germany). It should be pointed out that no surface slip was observed in this viscometer system. The software Bohlin v06.32 was used to generate shear stress-shear rate data. The flow curves of pistachio butter were measured at four temperature levels of 25.0, 45.0, and 65.0°C by increasing the shear rate from 14 s −1 to 300 s −1 . The period of experiment was about 4 min, and the values of the shear rate and shear stress were recorded every 15 seconds.
Modeling Time-Independent Behavior
In the flow curves measurements, the shear stress, t, was measured as a function of shear rate, . Then the apparent viscosity, h a , can be calculated using the equation:
The flow curves of pistachio butter samples were modeled by following famous equations (7, 8):
Ostwald-de Waele (or Power-law):
where, k is the consistency index (Pa.s n ) and n is flow behavior index.
Herschel -Bulkley
where is the yield stress, k h is the consistency index for Herschel-Bulkley model, and n h is flow behavior index for this model.
Casson:
where, k 0c and k c are the intercept and slope of plot of versus , respectively.
Bingham:
where, is called the Bingham plastic viscosity.
Vocadlo:
where, k v is the consistency index for Vocadlo model, and n v is flow behavior index for this model. 6 . Mizrahi and Berk:
where, k mc is the consistency index for this model.
O'foli :
where n 1 and n 2 are the model constants and is the infinite viscosity.
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Temperature Dependency
As consistency index (k) was highly dependent on heating temperature, the Arrhenius type relationship was used to describe the influence of temperature on apparent viscosity of pistachio butter as follow:
where, h a is the apparent viscosity at a specific shear rate, h ∞ is viscosity at infinite shear rate, E a is the activation energy of flow (kJ/mole), R is the gas constant (kJ/mole K), and T is absolute temperature (K). The apparent viscosity data of samples were first measured at three different shear rates (52, 155, and 297s −1 ), then the logarithm of the apparent viscosity was plotted versus the reciprocal of absolute temperature (according to Eq. 13) in order to estimate the Arrhenius model parameters, E a and h ∞ , for each sample at a specific temperature:
Statistical Analysis
To select the best model describing time-independent rheological properties of pistachio butter samples, three regression parameters including R 2 , RMSE, and E% were determined for the seven aforementioned rheological models. For statistical analysis, Excel (Microsoft Office, Package 2003) and Slidewrite (Computer package version 2.0) softwares were used to fit the data. Fig. 1 shows the typical flow curves of pistachio butter samples, obtained at 25°C, 45°C, and 65°C. The results showed that the shear stress-shear rate relationship is nonlinear, indicating that all pistachio butter samples behave as non-Newtonian fluid, pseudoplastic type. Also, the presence of an intercept value exhibited that all samples have a value of yield stress. Abu-Jdayil et al. [6] plotted shear stress-shear rate data of milled sesame and suggested that all samples exhibited pseudo-plastic behavior without yield stress value. [12] studied the rheological behaviour of carob pekmez and the Herschel-Bulkley model was found to be the best to describe the rheological property with the coefficient of determination higher than 0.998. Sample 1 at 45 and 65°C presented a negative value of yield stress, with no physical meaning, showing that Herschel-Bulkley model was not suitable in this situation. Thus, and regarding to table1, the power law and Vocadlo models were more suitable to describe the rheological behavior of these samples. At 25°C, consistency indices calculated by Herschel-Bulkley model ranged from 8.972 to 64.658 Pa s n showing the high effect of emulsifying agents on the structural characteristics of pistachio butter samples. Also, there was a significant difference among the flow behavior index of all samples, being the type 3 the most pseudoplastic (n = 0.517). At 25°C, flow behavior indices ranged from 0.517 to 0.792, indicating that all samples presented pseudoplasticity.
RESULTS AND DISCUSSION
Flow Curves
Selection of the Best Model
Consistency indices at 45°C ranged from 3.338 to 19.051 Pa s n , showing loss of consistency after temperature increase. Flow behavior indices at 45°C and 65°C were from 0.401 to 0.806 and 0.320 to 1.317, respectively. So, samples 2, 3, and 4 at 65°C showed dilatant behavior as a result of structural change due to increasing temperature. At 65°C, consistency indices ranged from 0.116 to 13.517 Pa s n as being expected. Comparing flow behavior indices, we found that there is no significant difference between data. However, consistency indices decreased with increasing temperature excepting type5 at 45°C. 65°C Table 1 The regression parameters of the models. Model 
Effect of Temperature
The logarithm of the apparent viscosity of pistachio butter samples versus the reciprocal of absolute temperature were shown at three different shear rates (52, 155, and 297s −1 ) in Figs. 2-4 . In the case of pistachio type 3, a straight line was obtained which confirms that Arrhenius model fitted well with the experimental data and gave high R 2 (0946-0983). Also, these curves suggested that the most changes in apparent viscosity are belonged to pistachio butter type 3, which shows the high effect of increasing temperature on the rheological characteristics of this sample.
The estimated values of E a and for each sample are given in Table 3 . Regarding to R 2 values, it was shown that Arrhenius model was fitted reasonably well with experimental data. For sample type 3, which was the optimized pistachio butter, the highest E a value was observed. E a represents the activation energy of flow and it indicates a large effect of temperature on viscosity. [8, 11] In fact, temperature changes at a constant shear rate have the most effect on pistachio butter typev3. This shows that with increasing the temperature, the optimized mixture of emulsifying agent (type 3) lost its functionality and therefore the structure breakdown, which is highly dependent on temperature, observed. On the other hand, the pistachio butter type 5 had the lowest E a values, indicating the least temperature dependency. Simuang et al. [13] investigated the effect of temperature and fat content on the apparent viscosity of coconut milk samples. They suggested that an increase in fat content decreases the effect of temperature on the changes of the apparent viscosity. In other words, for the samples with high fat contents, low E a values were observed.
CONCLUSION
Pistachio butter is a semi-solid substance that behaves as non-Newtonian pseudoplastic with yield stress. To estimate the flow behavior of samples, the Herschel-Bulkley model was found the best to fit the data among the seven models used in this study. It was observed that rheological parameters obtained by Herschel-Bulkley model were highly dependent on the levels of emulsifying agents used in the formulation. The pistachio butter type 3 (containing 1% of Mono-diglyceride mixture and lecithin) was the most consistent, coherent and uniform sample. The effects of temperature on the apparent viscosity of pistachio butter were examined, and it was found that the Arrhenius relationship could describe the effect of temperature on viscosity of pistachio butter. 
